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Chemical, mechanical and morphological properties of
hypomineralized enamel of permanent first molars
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Abstract
Objective. The microstructure of hypomineralized enamel in permanent teeth has been described in several studies as less
distinct prism sheaths and disorganized enamel with lack of organization of the enamel crystals. The mechanical properties,
hardness and modulus of elasticity of the hypomineralized enamel have lower values compared with normal. The aim of this
study was to examine normal and hypomineralized enamel using scanning electron microscopy (SEM), hardness measure-
ments and X-ray microanalysis (XRMA). Material and methods. Four extracted hypomineralized permanent first molars,
sectioned and cut in half, were analyzed with SEM, XRMA and hardness measurements. Results. An inverse relation was
found between the micro hardness and the Ca:C ratio in hypomineralized and normal enamel. The acid-etched hypominer-
alized enamel appeared on SEM to be covered with a structureless layer and the prisms appeared disorganized, with thick prism
sheaths and loosely packed crystallites. Furthermore, bacteria were found deep in porous hypomineralized enamel close to the
enamel–dentin junction. Conclusions. Teeth diagnosed with molar incisor hypomineralization have significantly lower
hardness values in the hypomineralized enamel compared with normal enamel. The hardness values vary according to the
morphological and chemical properties.

Key Words: Enamel, hardness, molar incisor hypomineralization, scanning electron microscopy, X-ray microanalysis

Introduction

The condition molar incisor hypomineralization
(MIH), defined as hypomineralization of the enamel
in permanent first molars and incisors, has a reported
prevalence varying between 2.8% and 37.5% [1].
There are a number of subjective and objective
problems and complications associated with MIH,
namely severe loss of enamel, hypersensitivity,
dental fear, increased treatment need and problems
in performing proper filling therapy [2–4]. Clinically,
it is difficult to estimate the degree of hypominer-
alization and the risk of loss of enamel. However,
it has been shown that there is a relation between
hardness values and the color of the hypominera-
lized enamel, with yellow lesions being softer than
white [5].

The microstructure of hypomineralized enamel of
permanent teeth has been described in several studies
as having less distinct prism sheaths and as disorga-
nized enamel with a lack of organization of the enamel
crystals [3,5–10]. The mechanical properties, hard-
ness and modulus of elasticity of the hypomineralized
enamel have lower values compared with normal
enamel [5–10].
Elemental analyses of enamel in permanent first

molars diagnosed with MIH have shown changes in
the chemical composition and a reduction in the
mineral composition [7,11,12]. Thus, a number of
different methods have been used for studies of the
morphological, chemical and mechanical properties
of hypomineralized enamel in teeth with MIH.
The aim of this study was to examine normal and

hypomineralized enamel utilizing scanning electron
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microscopy, hardness measurements and X-ray
microanalysis. It was hypothesized that there is a
higher content of organic matter, represented by an
increase in carbon, in hypomineralized enamel and a
lower hardness.

Material and methods

Tooth material

The tooth material consisted of four teeth from
extracted permanent first molars with the diagnosis
of MIH. After 24 h in 70% ethanol the teeth were
embedded in an epoxy-resin (Epofix�; Electron
Microscopy Sciences, Fort Washington, PA) and
cut into two sagittal longitudinal parts in a Low Speed
Saw Microtome� (Leitz, Wetzlar, Germany). The
cutting was performed through the hypomineralized
cusps.
The eight tooth halves were etched with 30% phos-

phoric acid, rinsed with deionized water, coated with
gold by vapor deposition and analyzed using scanning
electron microscopy (SEM).
Four tooth halves were prepared in the following

way after the SEM analyses. The examined enamel
surface was ground and polished, »0.5 mm was
removed and hardness measurements were per-
formed according to Vickers. All samples were exam-
ined in a stereo light microscope and photographs
were taken.

SEM and X-ray microanalysis

The specimens were mounted on sample holders for
the microscope and coated with gold by vapor depo-
sition for SEM and carbon for X-ray microanalysis
(XRMA). They were examined in a Philips SEM 515
scanning electron microscope (Philips, Eindhoven,
The Netherlands) at 15 kV. For the elemental anal-
yses, a Philips SEM 515, EDAX DX4, ECON detec-
tor was used. For all measurements, the X-rays were
detected using a small window (6.1� 4.3 mm2). Addi-
tional SEM survey images were taken from the
ground sections and the enamel surface and, imme-
diately afterwards, an XRMA line scan was carried
out. The amounts of the elements C, O, P and Ca
were measured at the test points of the hardness
measurements. The relative amounts of the measured
elements were calculated with a computerized pro-
gram (Point Electronic DISS 2; Point Electronic
GmbH, Halle, Germany).

Hardness measurements

The four tooth halves examined using SEM were
used for the hardness measurements and for second

SEM/XRMA analyses. The cut surface of the speci-
mens was polished prior to the hardness measure-
ments. The final area of the specimen for the micro
hardness measurements was »4 mm2 (Figure 1).
A digital micro hardness tester (Leitz Miniload 2;
Wild Leitz, Wetzlar, Germany) fitted with a Vickers
diamond and a 1.961-N load was used to make
indentations in the polished enamel surface in nor-
mal and hypomineralized enamel. The loaded dia-
mond was allowed to rest on the surface for 30 s.
Three indentations were made in at least three
locations within the normal and hypomineralized
enamel. In the normal enamel, 45 indentations
were made and in the hypomineralized enamel 54.
Hardness was measured as Vickers pyramid num-
bers (HV).

Statistical analysis

The Mann–Whitney U-test of medians was used for
statistical analyses to analyze differences between
normal and hypomineralized enamel regarding the
amounts of C, O, P, Ca and the ratios Ca:P and
Ca:C registered in the XRMA analyses, and for the
HV values.

Ethical considerations

All the examined teeth had been extracted due to
severe hypomineralized enamel and for orthodontic
reasons and were given freely by the patients. The
teeth were stored in 70% ethanol in plastic tubes
without any identification, so that none of the teeth
could be traced to any specific patient.

Figure 1. Light microscopic overview of locations for measure-
ments of hardness and XRMA in enamel. NE = normal enamel;
HM = hypomineralized enamel.
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Results

In all examined teeth, the buccal and lingual surfaces,
cusps and occlusal surfaces had porous, hypominer-
alized zones. The porous zones extended from the
cuspal parts of the teeth comprising two-thirds of
the buccal and/or lingual areas. The cervical parts
of the enamel appeared normal. The border between
the hypomineralized and normal enamel was distinct
(Figure 2).

Hardness measurements

Values were significantly higher in normal enamel
compared with hypomineralized enamel (Table I).
Variations were larger in hypomineralized than nor-
mal enamel. In one sample, the HV value in hypo-
mineralized enamel, close to the enamel surface, was
the highest recorded.

XRMA results

The mean values for the three repeated XRMA
measurements were calculated and used in the

Mann–Whitney U-test. The median values for O,
Ca and the Ca:P ratio did not differ between normal
and hypomineralized enamel (Table II). The median
value for C was statistically significantly higher in
hypomineralized enamel compared with normal
enamel, while P and the Ca:C ratio had significantly
lower median values in hypomineralized compared
with normal enamel (Table II).
The HV values and the values for Ca and C were

normalized to respective values at the surface of
normal enamel and the relative values for hardness,
Ca and C were calculated and presented as relative
percentages of the surface values for normal enamel
(Figure 3). In normal enamel, the relative values
for Ca, C and HV were thus 100% at the normal
surface. However, the Ca values differed somewhat
between normal and hypomineralized enamel at
the surface and at the enamel–dentin junction
(EDJ) the Ca values were higher for normal enamel.
The C value had a flat gradient in normal enamel,
whereas it increased from the enamel surface
towards the EDJ in the hypomineralized enamel.
As may be seen in Figure 3, the relative micro
hardness values paralleled the relative carbon values
in normal enamel; however, in hypomineralized
enamel, the relative micro hardness values decreased
from the enamel surface towards the EDJ, becom-
ing almost parallel to the relative calcium values
(Figure 3).

SEM examination

At low magnification, the enamel appeared white and
bright, while hypomineralized areas appeared dark
(Figure 2). At higher magnifications, the normal
enamel had a well-organized and distinct prism and
crystal structure in contrast to the hypomineralized
enamel, which had less distinct prism borders and
crystals and more marked inter-prismatic space.
Thus, the hypomineralized enamel appeared more
porous than normal enamel (Figures 4a–4d). The
enamel prisms in the hypomineralized enamel appeared
to be covered by a structureless layer, in some loca-
tions appearing as less etched (Figures 5a–5b). The
structureless layer appeared as a ‘coating’ covering
the enamel. In some areas within the hypominera-
lized enamel, deep in a rupture of the structureless
layer, enamel with non-covered irregular prisms
could be seen (Figures 6a–6b). When an opening
in the structureless layer was seen, several layers
appeared between prisms oriented in the same plane
(Figures 6a–6b). In other specimens, the layers were
more evident, with several layers of prisms and
organic matter and a porous region where bacteria
could be seen (Figures 6c–6e).
In several specimens, bacteria were found on the

enamel surface. In two specimens with a marked

Figure 2. Low-magnification SEM image of a permanent first
molar with normal and hypomineralized enamel. NE = normal
enamel; HM = hypomineralized enamel; D = dentin.

Table I. Hardness (HV) measurements in normal and hypominer-
alized enamel.

Normal Hypomineralized

Mean 350.70 144.30

SD 30.15 106.54

Min. 284.00 15.00

Max. 411.00 437.00

Median 355.00 128.50*

*W = 214.0; p = 2.06 � 10–12.
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inter-prismatic space, bacteria were found close to the
EDJ (Figures 7a–7b).

Discussion

This study has shown that there is a relation between
micro hardness and the Ca:C ratio in hypominera-
lized and normal enamel. The acid-etched hypomi-
neralized enamel appeared to be covered by a
structureless layer and the prisms appeared disorga-
nized, with thick prism sheaths and loosely packed
crystallites. Furthermore, bacteria were found not
only at the enamel surface but also deep in hypomi-
neralized enamel close to the EDJ.
The micro indentation technique has previously

proven to be feasible for accurately determining
both enamel and dentin, and therefore the method
applied for obtaining hardness values may be regarded
as suitable for the purpose of this study [12,13].
Furthermore, it is regarded that the results obtained
using the micro indentation technique are not depen-
dent on the prism orientation or on small variations in
the chemical composition [14,15]. This is further
strengthened by hardness measurements carried out
across a caries lesion [16].

The findings of lower hardness values in hypomi-
neralized compared with normal enamel coincide
with what has been shown in other studies [5–7].
The high hardness value in one of the samples of
hypomineralized enamel may be explained by its
location close to the surface and, therefore, may be
attributed to a post-eruptive mineralization. The Ca:P
ratio did not differ significantly between normal and
hypomineralized enamel, which is in agreement with
several other studies [7]. This is in contrast to a
previous study by Jälevik et al. [11]; however, other
studies have reported a stable Ca:P ratio despite
differences in the degree of mineralization [17].
The conflicting results in the literature have been
discussed by Mahoney et al. [7], leaving the reasons
open for further discussion. However, one of the main
problems with the Ca:P ratio is what it actually
represents. In hypomineralized enamel with a higher
content of organic matter, P observed in the XRMA
analyses may possibly therefore derive not only from
the hydroxyl apatite but also from the organic matter.
The higher relative concentration of C in the hypo-

mineralized enamel may explain the SEM appearance
of the hypomineralized enamel after acid etching, with
a structureless layer covering the enamel prisms. This
is supported by findings in a previous paper, where

Table II. XRMA measurements in normal and hypomineralized enamel.

C (weight %) O (weight %) P (weight %) Ca (weight %)
Ca:P

(weight %)
Ca:C

(weight %)

Norm Hypo Norm Hypo Norm Hypo Norm Hypo Norm Hypo Norm Hypo

Mean 9.29 11.20 39.70 39.15 16.18 15.74 29.82 29.08 1.84 1.85 3.23 2.71

SD 0.65 2.33 0.56 1.02 0.28 0.59 0.83 1.66 0.03 0.06 0.30 0.58

Range 8.51–
10.31

8.74–
18.38

38.83–
40.61

35.55–
40.38

15.82–
16.69

13.90–
16.45

28.33–
31.04

24.83–
31.72

1.78–
1.90

1.77–
1.96

2.76–
3.65

1.35–
3.63

Median 9.29 10.62* 39.82 39.48 16.17 15.86* 30.01 29.56 1.84 1.84 3.26 2.76*

*p < 0.01.
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Figure 3. Graph showing the relative hardness and relative values for Ca and C in normal and hypomineralized enamel in three locations.
ES = enamel surface; EM = middle of the enamel; EDJ = enamel–dentin junction.
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thicker prism sheaths and a higher intra- as well as
inter-prismatic organic content were found [9].
The morphological and chemical appearance of a

well-demarcated hypomineralization within the tissue
with a distinct border towards the normal enamel

could suggest an early insult to the ameloblasts
from which they apparently do not recover. However,
a prerequisite for completion of mineralization is that
the enamel matrix is removed [18] and, in animal
experiments, it has been shown that dioxin causes

Figure 5. SEM images of hypomineralized enamel from a permanent first molar. (a) Interface between normal and hypomineralized
enamel from a permanent first molar with dark hypomineralized enamel and bright normal enamel. NE = normal enamel;
HM = hypomineralized enamel (original magnification �1500). (b) Enamel prisms in hypomineralized enamel covered by a structureless
layer (original magnification �10 000).

Figure 4. SEM images of normal and hypomineralized enamel of a permanent first molar. (a) Normal enamel with well-organized, distinct
prisms (original magnification �2000). (b) The same area as in (a) but at higher magnification (original magnification �4000).
(c) Hypomineralized enamel showing less distinct enamel prisms (original magnification �2000). (d) The same area as in (a) but at higher
magnification (original magnification �4000).
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retention of enamel matrix and is likely to be an early
sign of disturbed function of secretory dental cells
[19]. Morphological studies of hypomineralized
enamel of rat pups fed on a calcium-deficient diet
have shown that the enamel was hypomineralized and
that the crystallites were thinner than in normal
enamel. Furthermore, organic matrix was found in
the enamel [20]. In the latter study, calcification was

restored when the rats returned to a normal diet. Diet-
induced chronic hypocalcaemia in rats interfered with
cellular and extracellular events during enamel mat-
uration [21]. It is not unlikely that the ameloblasts
forming the hypomineralized enamel in MIH are
affected by a hypocalcaemic state and by another
agent. In the case of MIH, the calcification is evi-
dently not restored, which would indicate that the

Figure 6. SEM images of hypomineralized enamel of a permanent first molar. (a) Rupture of the structureless layer showing underlying prisms
and crystallites (original magnification �3000). (b) Rupture of the structureless layer showing underlying enamel prisms and another
structureless layer (original magnification �3000). (c) Hypomineralized enamel in the middle part of the enamel showing porous enamel with
sheets of organic material between layers of disorganized prisms (original magnification �5000). (d) Higher-magnification image of the same
area (original magnification �10 000). (e) Higher-magnification image from the same area as in (c) and (d) showing bacteria (original
magnification �20 000).
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maturation stage is irreversibly affected. Nevertheless,
the exact etiology and mechanism of MIH are still not
known.
The finding of a structureless layer with underlying

prisms may be explained by the fact that the acid
etching affects the porous hypomineralized enamel
more than normal enamel, thus exposing the organic
part of the prism sheaths. This may be attributed to
the less inorganic content of the hypomineralized
enamel. The disorganized enamel prism, porous
structure and loosely packed crystallites seen at higher
magnifications confirm the results of other investiga-
tors [6,7,9–19].
The findings of bacteria in the hypomineralized

enamel close to the EDJ may be explained by the
extremely porous enamel seen in the SEM images.
This explains the hypersensitivity of hypomineralized
permanent first molars, which is further supported by
the finding of bacterial penetration through the hypo-
mineralized enamel into the dentin in the cuspal areas
of permanent first molars shown in a previous article
[22].
Porous enamel with disorganized prisms and wide

prism sheaths creates substantial problems, not least
concerning survival of fillings and teeth [4]. When the
hypomineralized enamel is etched, the filling then
‘faces’ an organic layer rather than enamel with a
normal etch pattern and thus the filling will not
function as desired. Since restorative material does
not entirely eliminate micro leakage [23] and possible
bacterial penetration through surrounding hypomi-
neralized enamel, the clinical outcome may be prob-
lematic for both the patient and clinician.

Conclusions

Teeth diagnosed with MIH have significantly lower
hardness values (HV) in hypomineralized compared
with normal enamel. This authenticates the post-
eruptive breakdown of MIH teeth, which is one of

many clinical objective symptoms of MIH. Bacteria
were observed deep in the enamel, adjacent to the
EDJ. This confirms earlier findings that bacteria
may penetrate to the deeper part of the tooth and
are a probable cause of the hypersensitivity seen in
MIH teeth.
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